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ABSTRACT OF DISSERTATION

UNDERSTANDING AND IMPROVING MANUFACTURING PROCESSES FOR
MAKING LITHIUM-ION BATTERY ELECTRODES
Lithium-ion batteries (LIBs) have been widely used as the most popular
rechargeable energy storage and power sources in today’s portable electronics, electric
vehicles, and plug-in hybrid electric vehicles. LIBs have gained much interest
worldwide in the last three decades because of their high energy density, voltage, rate
of charge and discharge, reliability, and design flexibility. I am exploring the possibility
of developing battery manufacturing technologies that would lower the cost, reduce the
environmental impact, and increase cell performance and durability.
This dissertation is focused firstly on understanding the effect of mixing
sequence (the order of introducing materials) and optimizing the electrode fabrication
for the best electrochemical performance, durability, lower cost, and improve the
existing manufacturing processes. The electrode system consists of active material,
polymer binder, conductive agent, and solvent. I have investigated four different mixing
sequences to prepare the slurries for making the positive electrode. The key sequencerelated factor appears to be whether the active material and conductive agent are mixed
in the presence of or prior to the introduction of the binder solution. The mixing
sequences 1, 2, 3, and 4 were optimized, and the rheological behavior of the slurries,
morphology, conductivity, and mechanical and electrochemical properties of electrodes
were investigated. Slurries from sequences 1 and 4 show different rheological
properties from 2 and 3. The amount of NMP required to achieve a comparable final
slurry viscosity differed significantly for the sequences under study. The sequence 1
shows better long-term cycling behavior than sequences 2, 3 and 4. This study
quantifies the link between electrode slurry mix parameters and electrode quality.
Secondly, a new method of making lithium-ion battery electrodes by adapting
an immersion precipitation (IP) technology commonly used in membrane
manufacturing was developed and demonstrated. The composition, structure, and
electrochemical performance of the electrode made by the IP method were compared
favorably with that made by the conventional method. The toxic and expensive organic
solvent (NMP) was captured in coagulation bath instead of being released to the
atmosphere. The IP electrodes show an excellent performance and durability at
potentially lower cost and less environmental impact.
Thirdly, I have developed and demonstrated a solvent-free dry-powder coating
process for making LiNi 1/3 Mn 1/3 Co 1/3 O 2 (NMC) positive electrodes in lithium-ion

batteries, and compared the performance and durability of electrodes made by the drypowder coating processes with that by wet-slurry coating processes. The technology
that has been used is the electrostatic spray deposition (ESD) process. This process
eliminates volatile organic compound emission, reduces thermal curing time from
hours to minutes, and offers high deposition rates onto large surfaces. The long-term
cycling shows that the dry-powder coated electrodes have similar performance and
durability as the conventional wet-slurry made electrodes.
KEYWORDS: Lithium-Ion batteries, Solvent-free, Dry-powder-coated, Immersion
Precipitation, Mixing sequences
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Chapter 1 Introduction
Numerous research groups have been focusing on improving manufacturing
processes and developing new materials for lithium-ion batteries (LIBs) since LIBs
were commercialized by SONY in the 1990s. LIBs have been widely used in hybrid
and electric vehicles, portable electronics, and medical devices due to their long cycle
life, high energy, high voltage, good cycling performance, and high power density [13].
Today’s LIB research activities involve lots of effort in developing novel
materials and new manufacturing processes [2, 4], with little attention given to the
profound effect of the mixing process on performance and long-term durability of LIBs.
Our studies focus on addressing two questions: (1) can “conventional” LIB electrodes
be made by dry powder-coating and immersion precipitation processes?; And (2) can
electrode structures that are unattainable by the conventional wet slurry-coating method
be made using the new manufacturing processes?
For a given electrode system, there is a set of optimum mixing process
parameters that will deliver the best performance and durability. This set of optimum
mixing process parameters can be obtained by establishing a correlation between
mixing parameters, slurry material characteristics, and finished battery performance
and durability through rigorous application of mixing theory, rheology and surface
morphology for multi-component suspension systems, supported by both classic and
novel analytical approaches. Different mixing sequences have been investigated to
produce well-mixed slurries for various electrode materials. Kim et al. [5] found that
the best capacity and stability of charge and discharge cycle can be obtained by dry
mixing the active materials (LiCoO 2 ) and conductive agent (graphite) then adding the
solution of the binder polyvinylidene fluoride (PVDF) and the solvent n-methyl-21

pyrrolidone (NMP) to obtain a slurry. The weight ratio of LiCoO 2 :graphite:PVDF was
89:6:5. Yang et al.[6] have prepared a positive electrode by mixing the active material
(LiCoO 2 ) with a binder (PVDF) and a conductive agent as a dry powder first, then
dispersed the mixture in a solvent (NMP) to produce a slurry. They found that this
mixing sequence can increase the cycle life of the LIBs. Recently, Bauer et al. [7]
reported the fabrication of a positive electrode by mixing the dry powders of
LiNi 1/3 Mn 1/3 Co 1/3 O 2 (NMC) and conductive agent carbon black (CB, Super C65)) with
a mixture of PVDF solution and a fraction of CB. The additional CB particles are
associated with the binder and provide conductive paths in the electrode.
The key objective of this work is to determine the best predictors (measured
during electrode fabrication) of final cell robustness and quality, thereby shortening
subsequent development cycles by compressing the development and scale-up phases.
After the first round of coin cell results, a second iteration will be repeated using coin
cells with more replicates per condition. We are focusing the work here on how the
battery electrodes are made, and the key mission is to make the slurry uniform and coat
it evenly.
Immersion precipitation (IP), a demixing process, is one of the phase inversion
methods which has been widely used to make commercial porous polymeric
membranes [8, 9]. Recently, the IP method has also been used to make polymer
electrolyte membranes and separators for LIBs [10-12]. The demixing process can be
achieved by solvent and non-solvent phase exchange in multicomponent mixtures [13].
The IP method can replace the wet slurry-based manufacturing process by capturing
the toxic and expensive organic solvent and reduce the manufacturing time and the
energy cost for drying.
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Solvent-free coating process using dry particles is an alternative solution to
replace the wet slurry-based manufacturing process, as it eliminates the cost of solvents
as well as the cost of their removal and recovery. Solvent-free manufacturing has been
achieved through pulsed-laser deposition, a method in which a laser is focused on tobe-deposited electrode components. This technique requires high vacuum (10-6 Torr)
and high annealing temperature (>600 ºC), producing only thin films of cathode
material (<500 nm) [14, 15] and is therefore impractical for large-scale electrode
fabrication. While radio frequency (RF) magnetron sputtering can be used with lower
temperature substrates (350 ºC), it requires expensive instrumentation and inert
atmospheres, and again is impractical for large-scale electrode fabrication [16].
Another method of dry-powder coating is electrostatic spray deposition (ESD),
a solvent-free technology that has been used in coating industries for over 30 years to
create decorative and functional paints and coatings. This method eliminates the release
of volatile organic compounds (VOCs), reduces energy consumption, increases paint
material transfer efficiency, and improves painted-surface quality. In ESD, particles are
charged as they pass through a charging gun and are deposited onto a grounded surface
[17]. This method can be used on large particles and is scalable, offering high
deposition rates onto large surfaces [18].
This dissertation focuses on understanding and improving manufacturing
processes for LIBs electrodes. The content of this dissertation includes:
(1) Establish a correlation between key process parameters with battery
durability and quality (consistency), thus enabling battery manufacturing
process optimization.
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(2) Develop a method for establishing above correlation between process
parameters and battery attributes that can be applied to other battery
chemistries.
(3) Quantify the effects of the mixing process on finished battery quality
through rigorous application of mixing theory, rheology and surface
morphology.
(4) Optimize the slurry mixing step of lib manufacturing. Specifically,
quantitative correlations will be established between process parameters and
slurry material characteristics and LIB performance and durability, leading
to tangible battery cost savings due to over-design reduction.
(5) Develop a low-cost and environmentally friendly manufacturing method to
fabricate LIBs.
(6) Demonstrate the preparation of high performance LIB cathodes by
laboratory scale solvent-free dry powder coating and immersion
precipitation processes.
Chapter 1 gives a brief introduction and the purpose of this dissertation,
covering the literature review of LIBs, electrochemical mechanisms of LIBs, positive
electrode, negative electrode, the cost and environmental effect, electrostatic spray
method, immersion precipitation method, and motivation and goals of this dissertation.
Chapter 2 discusses the experimental study of using different mixing sequences
to improve the performance and durability of lithium-ion batteries. Chapter 3 reports a
new method of making LIB electrodes by adapting an IP technology commonly used
in membrane manufacturing. Chapter 4 reports a solvent-free dry powder coating
process for making LiNi 1/3 Mn 1/3 Co 1/3 O 2 (NMC) positive electrodes in LIBs. Chapter
5 summarizes the conclusions and future research work.

4

1.1 Lithium-Ion Batteries
The Li-ion cell consists of positive (cathode) and negative (anode) electrodes
that are separated by a polymeric separator and organic electrolyte. The electrodes
fabrication involves the mixing of active material, polymer binder, and conductive
agent in a solvent. The cathode and anode composite materials are cast on aluminum
and copper foil current collector, respectively.
A polymeric film (separator) such as polyethylene (PE) or polypropylene (PP)
[19] is immersed in the electrolyte and separate the anode from the cathode to prevent
short circuit of the electrochemical cells. The separator should be porous, electrolyte
permeable, mechanically durable, ionically conductive, electronic insulator, and good
thermal and chemical stability to produce a battery with good performance, cost, safety,
and durability [20].
The electrolyte consists of organic solvent and lithium salts such as ethylene
carbonate (EC) and LiPF 6 respectively. The pathway of the Li-ion has to be provided
by the electrolyte. It should be ionically conductive, chemically stable, electronically
insulator, and able to transfer the Li-ions between the electrodes [21]. Several research
groups have proposed additives to the electrolyte to improve lithium transfer and the
rate performance of the Li-ion battery such as vinylene carbonate (VC) [22] and
fluoroethylene carbonate (FEC) [23].
1.2 Electrochemical Mechanisms of Li-Ion Batteries
The electrochemical potential difference between the positive and negative
electrodes leads to the movement of Li-ions during charge/discharge process. Assume
a full cell battery consists of graphite as the negative electrode and LiCoO 2 as the
positive electrode as shown in Figure 1.1. During charging, the Li-ions move from the
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cathode through the separator and organic liquid electrolyte and insert into the anode.
During discharging, the direction of the Li-ion movement will be reversed, and the
chemical energy is converted into electrical energy, providing power. The electrode
reactions are [24, 25]:
Negative electrode: 𝐶𝐶 + 𝑥𝑥𝐿𝐿𝐿𝐿 + + 𝑥𝑥𝑥𝑥 − ↔ 𝐿𝐿𝑖𝑖𝑥𝑥 𝐶𝐶

Positive electrode: 𝐿𝐿𝐿𝐿𝐿𝐿𝑂𝑂2 ↔ 𝐿𝐿𝐿𝐿1−𝑥𝑥 𝑀𝑀𝑂𝑂2 + 𝑥𝑥𝐿𝐿𝐿𝐿 + + 𝑥𝑥𝑒𝑒 −
Overall: 𝐶𝐶 + 𝐿𝐿𝐿𝐿𝐿𝐿𝑂𝑂2 ↔ 𝐿𝐿𝐿𝐿𝑥𝑥 𝐶𝐶 + 𝐿𝐿𝐿𝐿1−𝑥𝑥 𝑀𝑀𝑂𝑂2

Figure 1.1: Schematic of the principle of the Li-ion battery during charging [25].
The energy released during discharge/charge can be calculated using the
following equation [26, 27]:
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 = � 𝑉𝑉 𝑑𝑑𝑑𝑑

where V and q are the voltage and the amount of charge transferred respectively. The
chemical potential difference between the positive and negative electrodes is the LIB
cell voltage [3].
The theoretical open circuit voltage (OCV) (E) is determined by the following
equation [3, 25]:
∆𝐺𝐺 = − 𝑛𝑛𝑛𝑛𝑛𝑛

where G is the free energy, n is the charge number of the electrons, and F is Faraday
constant.
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1.3 Positive Electrode
The cathode electrode fabrication involves the mixing of active material,
polymer binder, and conductive agent in a solvent. To achieve energy, power, and life
performance, most research efforts of the last 20 years have been devoted to the aspects
of developing new structures and new compositions of the electrochemically active
material (AM), engineering of their particle size, morphology, surface coatings, and
better understanding of their electrochemical behavior. Layered, olivine, and spinel are
three main structures of lithium metal oxide. The layered Li metal oxide is in the form
of LiMO 2 and M could be Mn, Co, or Ni [28]. The structure and the potential depending
on the concentration and the type of the metal component [28].
LiCoO 2 is a layered material used in most commercial positive LIB electrodes,
and it has good cycling and high voltage (∼ 4 V). Due to the chemical reaction of the
Co with the electrolyte which changed the structure, the capacity of LiCoO 2 usually
drops from 274 mAh g-1 to 140 mAh g-1 as the theoretical and practical capacity
respectively. The strong influence in the structure, toxicity, and cost of Co leads to
studies of new material such as LiNi x Mn y Co z O 2 . The NMC can deliver capacity of
150 mAh g-1 at voltage window between 2.5 V to 4.2 V [29] with very good
performance, and the composition of x, y, and z can be varied for different purposes.
Increasing the amount of Ni and Mn can lower the cost but lower the rate capability at
a high state of charge [29].
1.4 Negative Electrode
To prepare negative electrodes, active material, binder, conductive agent, and
solvent are mixed together to form a slurry that is cast on Cu foil. The most commonly
used active material is graphite with the layered structure. Graphite has a theoretical
7

capacity of 372 mAh g-1 [30]. During charge/discharge, lithium is stored between the
carbon layers [31]. Styrene butadiene rubber (SBR), carboxymethyl cellulose (CMC),
and PVDF are the most commonly used binders in graphite anode to bond the particles
together and adhere the prepared composite onto Cu foil [32]. Moreover, carbon black
is the commonly used conductive agent to increase the electrical conductivity and
improve the cycling efficiency.
1.5 Cost and Environmental Effect
Developing a low-cost and environmentally friendly process to fabricate
batteries for electrification of the transportation sector is important in manufacturing of
LIBs. The Department of Energy suggests that energy-storage systems must meet a cost
target of $125 kWh-1 to meet the requirements for widespread adoption, which would
require a three- to four-fold reduction in system costs [33]. By 2020, it is assumed that
more than 14 million hybrid and electric vehicles will be on the road, and the price will
drop significantly. Today, most electricity used is generated by nonrenewable energy
[34]. Using LIBs driven vehicles instead of gasoline driven cars requires very fast
recharging in about 10 to 15 minutes, materials availability [35], safety, and lower
production cost.
The cost of the battery consists of the cost of the material and production as
following: (1) positive and negative electrodes material such as active material,
conductive agent, binder, current collector, and solvent, (2) separator, (3) electrolyte,
(4) cell packing, and (5) labor and overheads cost [36]. To reduce the cost and
environmental impact, several approaches have been investigated such as using waterbased solvent [37] or completely dry manufacturing processes to eliminate the toxic
and costly NMP solvent in electrode fabrication [2], using new materials [38], using
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bio-derived materials [4], reducing electrode drying time [39], reducing production cost
[40], and improving battery performance [37, 38, 41]. During heat drying, the NMP
will consume a large amount of energy to evaporate. The NMP vapor must be captured
instead of being released to the atmosphere. Eliminating the release of VOCs and
reducing energy consumption will eliminate the cost of solvents as well as the cost of
their removal and recovery.
Quantitative correlations will be established between process parameters,
material characteristics and LIB performance and durability, leading to tangible battery
cost savings through over-design reduction, shortened development time, reduced cellto-cell variation, and lower warranty costs. Assuming cell to cell variation reduction of
2-3% resulted from described process optimization, the associated de-rating
(overdesign to account for variation and degradation) amount could be reduced.
Replacing the conventional wet slurry-based electrode manufacturing process
with a lower cost, higher throughput, and more environmentally friendly dry powder
coating process will lower electrode fabrication cost by 90%, lower VOCs emission to
zero, and reduce electrode drying time from hours to minutes.
The high cost, toxicity, safety hazards, and chemical instability of the traditional
electrode materials, and the overheating during quick charge lead the researchers to
investigate new materials, environmentally friendly elements, and new manufacturing
processes to develop new, cheap, and powerful LIB electrodes [36, 42, 43].
1.6 Immersion Precipitation (IP) Method
IP, a demixing process, is one of the phase inversion methods which has been
widely used to make commercial porous polymeric membranes [8, 9]. Recently, the IP
method has also been used to make polymer electrolyte membranes and separators for
LIBs [10-12]. The demixing process can be achieved by solvent and non-solvent phase
9

exchange in multicomponent mixtures [13]. In this process, the polymer solution is cast
on a suitable support which is then immersed into a non-solvent bath [8, 13]. Two
mechanisms would operate as soon as the cast homogeneous polymer solution is
exposed to a non-solvent bath: mass transfer and phase separation, resulting in
transferring of the solvent molecules from the polymer solution to the non-solvent bath.
As a result, a two phase mixture consisting of a solid polymer matrix and a non-solvent
phase would grow and develop. After removing the non-solvent phase, porous structure
forms [44-46]. The structure and the porosity of the solid porous polymer film depend
on the properties of the materials and the processing conditions such as the composition
of the materials, the concentration of polymer in solution, the pH and the temperature
of the non-solvent bath, and the exposure time in the gelation bath [47-50].
1.7 Electrostatic Spray Method
Electrostatic spray painting is one of the applicable methods used recently in a
wide range of applications [51-53]. This method is based on the voltage difference
between the surface being painted and the electrostatic gun, which has the coated
material. To create the voltage difference, an electrical charge is applied to the coated
material while the target material is grounded or vice versa where the target surface is
charged and the spray gun is grounded [54]. In other words, either the spray gun or the
target surface must be negatively charged while the other side will be positively
charged. The different charges between the spray gun and the target surface create an
electric field, which will help to transfer the coating material from the spray gun to the
target surface. The electric field helps to create the electrostatic force, which will work
to transfer the charged coating material from the gun to the target surface creating high
transfer efficiency. The high transfer efficiency is created because of the strong
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electrostatic force between the gun and the target surface, which overcomes other
barrier forces such as the momentum and airflow, which works to deviate the atomized
materials from the electrostatic gun [54-56].
Some factors determine the electrostatic force strength such as the particle size
and the particle moving speed. The high transfer efficiency created by the electrostatic
force helps direct the atomized coating materials, which reduces the over-spraying and
by that reduces the cost. Moreover, high efficiency also works to form a uniform
coating, reduce the VOC and lower the cost of disposal of hazardous wastes [43].
1.8 Motivation and Goals
Optimization efforts in the battery industry typically focus on formulation
modification and do not harness the vast potential of mixing science. Understanding of
the various stages of mixing (wetting, dispersion, stabilization), as well as key
underlying interfacial and surface phenomena, offers a powerful optimization tool that
can lead to superior product quality and reproducibility. Deficits in this understanding
are of particular detriment in the battery industry where the specific challenges of highcost, rheological complex, non-Newtonian, and temperature sensitive dispersions
would most benefit from a rigorous, first-principles approach.
This work brings together two “spheres” of knowledge: (1) industrial mixing,
structured liquids, rheological complex liquids on the one side together with (2)
lithium-ion slurry manufacturing on the other side. The former body of knowledge has
seen more rigorous application in other coatings (pigments), pharmaceutical and
detergents industries, but has been less actively exploited in lithium-ion applications,
and thus holds promising opportunities. Figure 1.2 shows the project strategy of using
different mixing sequences. The properties of the slurry made here will irrevocably
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determine most aspects of the cell’s electrochemical performance, longevity and
critically the reproducibility of these attributes.
The objectives and motivation of using different mixing sequences to prepare
LIBs are: (1) quantify link between electrode slurry mix parameters and finished
product quality using mixing theory, rheology, morphology, conductivity, and
mechanical and electrochemical properties, (2) identify slurry characterization
techniques that are the best predictors of final battery robustness, (3) improve durability
and product quality, shorter development times, and reduce over-design and cost, and
(4) establish groundwork for more focused work on subset of sequences and investigate
which sequences are best and why.
Developing and demonstrating a low-cost and environmentally friendly
manufacturing process to fabricate batteries for electrification of the transportation
sector by using solvent-free dry powder coating process and immersion precipitation
method for manufacturing of cathodes in LIBs. Because of NMP’s high cost and
potential as an environmental pollutant, solvent recovery is necessary in commercial
applications, adding further costs to battery fabrication [40]. The typically used NMP
solvent is toxic, flammable, and expensive [57, 58]. During heat drying, the NMP will
consume a large amount of energy to evaporate. The NMP vapor must be captured
instead of being released to the atmosphere. The capturing of the toxic and expensive
organic solvent is one of the motivations for this work. A further motivation is to reduce
the manufacturing time and the energy cost for drying.
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Figure 1.2: Project strategy of using different mixing sequences to improve the
performance and durability of Li-ion batteries.
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Chapter 2 Using Different Mixing Sequences to Improve the Performance and
Durability of Lithium-Ion Batteries
2.1 Introduction
Secondary Lithium-ion batteries (LIBs) have been widely used as the most
popular rechargeable energy storage and power sources in today’s portable electronics,
electric vehicles, and plug-in hybrid electric vehicles [59-62]. The market for LIBs has
increased over the last decade because of LIBs’ high energy density, good rate of charge
and discharge, high voltage, reliability, long cycle life, and design flexibility [24, 6365].
In the last three decades, a lot of work has been done to improve the
performance and durability of LIBs, including 1) exploring new compositions,
morphologies, particle sizes, and surface coatings; and 2) using various methods of
characterization to understand the electrochemical behavior [66].
The first step in LIBs manufacturing is mixing high solid-content slurries for
both the positive and negative electrodes. For a given electrode system, which consists
of active material, polymer binder, carbon black, and solvent, the mixing process
parameters, such as the order of introducing materials (sequence) [67] and the intensity
and duration of each mixing step, can strongly affect the subsequent steps in battery
manufacturing, including coating and drying processes [68]. The mixing process is,
therefore, critical in determining the quality and electrochemical performance of the
battery [69]. Different mixing sequences have been investigated to produce well-mixed
slurries for various electrode materials. Kim et al. [5] found that the best capacity and
stability of charge and discharge cycle can be obtained by dry mixing the active
materials (LiCoO 2 ) and conductive agent (Graphite) then adding the solution of the
binder (PVDF) and the solvent (NMP) to obtain a slurry. The weight ratio of
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LiCoO 2 :graphite:PVDF was 89:6:5. Yang et al. [6] have prepared the positive electrode
by mixing the active material (LiCoO 2 ) with a binder (PVDF) and a conductor as a dry
powder first, then dispersed the mixture in a solvent (NMP) to produce a slurry. They
found that this mixing sequence can increase the cycle life of the LIBs. Recently, Bauer
et al. [7] reported the fabrication of a positive electrode by mixing the dry powders of
LiNi 1/3 Mn 1/3 Co 1/3 O 2 (NMC) and conductive agent carbon black (Super C65)) with a
mixture of PVDF solution and a fraction of CB. The additional CB particles were
associated with the binder to provide conductive paths in the electrode.
Optimization efforts in the battery industry typically focus on formulation and
modification of electrode composition and structure with less emphasis on harnessing
the vast potential of mixing science and technology. Understanding of the various
stages of mixing (wetting, dispersion, stabilization), as well as key underlying
interfacial and surface phenomena, offers a powerful tool that can lead to superior
product quality and reproducibility. By establishing a correlation between mixing
parameters, slurry material characteristics, and finished battery performance and
durability, the mixing process parameters can be optimized.
We have investigated four mixing sequences to prepare the slurries for making
the positive electrode. Here, we report the structure, performance, and durability of
positive electrodes made from these slurries.
2.2 Experimental
2.2.1 Slurry preparation
The cathode materials were purchased from several suppliers given in Table
2.1. Four mixing sequences have been used to prepare the slurries of the positive
electrodes. Sequence 1 consists of three mixing steps, as shown in Figure 2.1a. In the
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first step, the poly(vinylidene difluoride) (PVDF) was dissolved in a Nmethylpyrrolidone (NMP) solvent by using a planetary mixer-deaerator (Mazerustar
KK-50S, Kurabo). The Mazeruster planetary mixer has different levels of rotation and
revolution, and the maximum processing capacity of this machine is 250 g. To dissolve
PVDF in NMP completely, three cycles were used to mix the samples at 680 rpm
rotation and 1140 rpm revolution with a total time of 360 seconds. The second mixing
step was adding carbon black (CB) (Super p C65) to the binder solution and mixing at
4000 rpm for 45 min. The third mixing step was adding active material NMC to the
mixture and blending at 4000 rpm for 1h. In the second and third mixing steps, a
homogenizer (Polytron PT 10-35 GT) was used. The homogenizer has a maximum
speed of 30,000 rpm and volume of 0.1 to 10,000 ml.
To prepare a slurry using mixing sequence 2 as shown in Figure 2.1b, the dry
powders of NMC and CB were pre-mixed using the planetary mixer. The mixture was
then added to the binder solution and blended at 4000 rpm for 1h in the homogenizer.
The binder solution was prepared as mentioned in the first mixing step of sequence 1.

Table 2.1 The materials, chemical names and abbreviations, and supplier of the cathode
electrode.
Cathode

Materials

Chemical Name and Abbreviation

Active
Material

NMC
LiNi 1/3 Mn 1/3 Co 1/3 O 2 , 111 type
PVDF (kf 1100)
Poly(vinylidene dfluoride)

Binder
Conductive
Carbon
Solvent

Supplier
UMICORE
KUREHA
AMERICA

Carbon Black (Super p C65)

TIMCAL

NMP
N-Methyl-2-pyrrolidone

BASF
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For sequence 3 shown in Figure 2.1c, the first and second mixing steps were the
same as sequence 2 steps. The third step was adding NMP solvent to the pre-mixed
(NMC and CB) and mixing the mixture in the planetary mixer. The final step was to
add the binder solution to the mixture as a fourth mixing step at 4000 rpm for 1h.
Sequence 4 was prepared using the steps shown in Figure 2.1d. CB was mixed
with NMP to wet the CB nanoparticles first in the planetary mixer. The CB/NMP
mixture was then mixed with the PVDF solution which was prepared using the same
mixing steps as in sequence 1. Finally, NMC was added and blended using the
homogenizer at 4000 rpm for 1 h.
Two cycles in the planetary mixer were used to blend the materials in the second
step of sequence 2 and second and third of sequence 3 and 4 at 680 rpm and 1140 rpm
for rotation and revolution respectively with total time of 600 s. The amount of NMP
was different for each sequence to adjust the viscosity of the final slurries, while the
weight ratio (92 NMC:4 CB:4 PVDF) was the same.
2.2.2 Electrode preparation
The prepared slurries were rested in a vacuum chamber for 5 min to remove the
gas bubbles formed during mixing then cast onto a 15 μm thick aluminum foil using a
compact tape casting film coater with dryer and vacuum chuck (MTI Corp.) at a casting
speed of 0.2 m/min. The thickness of the coated layer was adjusted using a doctor blade
of a specified gap to control the mass loading of the electrodes. The coated electrodes
were pre-dried at the ambient temperature overnight then calendered in a compact
electrical rolling press (MTI Corp.) with adjusted clamping force to control the packing
density, porosity, and adhesion of the electrode [70]. The calendered electrodes were
punched to 12 mm diameter discs using a Precision Disc Cutter (MTI Corp.) and placed
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in a vacuum oven at 130°C for 12 h then transferred directly to a glove box for cell
assembly.

Figure 2.1: Illustration of the mixing sequences for preparing the electrode slurries, (a)
sequence 1, (b) sequence 2, (c) sequence 3, and (d) sequence 4.
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2.2.3 Characterization
2.2.3.1 Rheology Measurement
Rheological tests were carried out in both steady state flow and oscillatory
modes in an AR-1000 rheometer (TA instrument) to help understand the interaction
between binder, active materials (AM), and conductive agent (CA), as well as the
dispersion of the agglomerate carbon [71]. Rheological measurements can also help
achieve the correct viscosity of the slurries before casting them onto the Al foil.
Freshly prepared slurries were measured in the steady state flow mode, followed
by the oscillatory mode of measurements. From the oscillatory mode, complex
viscosity (G*), storage modulus (G’), and loss modulus (G") were obtained over a range
of frequencies. Prior to running the rheology test, two minutes of equilibrium were
applied.
2.2.3.2 Morphology
The surface morphology and cross-section view of the electrodes were
investigated using an Environmental Scanning Electron Microscopy (ESEM) with
Energy Dispersive Spectroscopy (EDS) (Quanta, FEG 250). To prepare cross-section
samples the following steps were used: (1) cut 12 mm diameter samples from the
electrodes, (2) mount the sample in epoxy and leave it for 12 h for solidification, (3)
cut the mounted sample after drying with diamond saw, (4) rough then fine polishing
with sheet grinding silicon carbide, (5) clean the samples using ethanol and dry at room
temperature, and (6) deposit gold on the surface and fold the sample with Cu tape to
increase the conductivity.
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2.2.3.3 Mechanical measurements
To compare the cohesion between electrode particles and the adhesion between
the electrode film and current collector (Al foil), a NanoTest Vantage (Micro Materials
Ltd) was used. In the micro-indentation, a grid of 4 x 4 indentations was used, and the
spacing between indents was fixed at 250 µm to avoid the influence of neighboring
indentation marks. The load was ramped until the depth reached 20 µm, and then
unloaded. In the scratch test, a diamond indenter was lowered onto the sample by
increasing the load as the indenter tip moves across the surface of the sample. The
applied load was between 30µN-500 mN. The hardness and Young’s modulus were
calculated as a function of load using the Oliver-Pharr method [72].
2.2.3.4 Conductivity
The four-point resistivity and conductivity type measurement (Signatone) was
used to measure the conductivity of a dry film electrode. The two outside probes were
used to pass the current, while the two inside probes were used to measure the voltage
difference [73]. To avoid the influence of the Al conductor, the slurry was cast onto a
glass substrate. The average conductivity was calculated using [74].
𝐼𝐼

𝜎𝜎𝑒𝑒 = 4.532 𝑡𝑡 𝑉𝑉

2.1

where 𝜎𝜎𝑒𝑒 is electronic conductivity, 𝐼𝐼 is the current, 𝑡𝑡 is the thickness of the film
electrode, the number (4.53) is

𝜋𝜋

ln 2

, and 𝑉𝑉 is the voltage.
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2.2.3.5 Porosity and Packing Density
Electrode porosity is an important parameter for cell performance. The porosity
of the dried laminate electrode without Al foil was determined according to the
following equations [50, 75]:

Electrode true density =
Packing density =
Porosity = 1 –

1
Materials wt %
�
�
Materials density

Calendered electrode weight loading
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑡𝑡ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

Packing density
Electrode true density

2.2
2.3
2.4

The wt% and the theoretical density of each material (active material (NMC),
conductive agent (CB), and binder (PVDF)) are 4.8, 1.94, and 1.7 (g/cm3), respectively.
The measurement of electrode thickness is critical due to its porous structure
which influences the packing density and the performance of the Li-ion batteries.
Measuring the thickness of the electrode film will help evaluate the uniformity of the
electrode during casting. The laminate electrode thickness was measured using a digital
micrometer with an accuracy of ±1 µm. The electrode film is punched into small discs
with diameters 10 to 14 mm after totally dried and calendered. Attention should be paid
during the measurements to avoid damaging the electrode film. More than 10 thickness
measurements were performed at different spots to check the uniformity of the
electrode, which is helpful to control the quality. Each electrode was weighted using
METTER TOLEDO with 4 digits analytical scale.
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2.2.3.6 Coin Cell Fabrication and Electrochemical Tests
Electrodes were tested in a coin cell type CR2025 (20 mm diameter and 2.5 mm
thick) (Hohsen) using lithium metal as the counter electrode. The coin cells were
assembled using an automatic coin cell crimper (KTE-20S-D, Hohsen) inside the
glovebox (MB-20-G, MBraun). The glovebox was filled with argon, and the level of
moisture and oxygen was less than 0.1 ppm. Pure lithium metal foils (99.9%, Sigma–
Aldrich) were used as the counter electrode. The electrodes were punched to 12mm
diameter discs by using precision disc cutters (MTI Corp.). Poly-propylene (Celgard
2400) was used as separators between the lithium foil and the cathode. The electrolyte
was 1M LiPF6 in a mixture of ethylene carbonate/ ethyl-methyl carbonates (EC/EMC
3:7 by volume) with 2% vinylene carbonate (VC, BASF). To achieve good contact and
obtain a uniform current distribution, a stainless steel spacer and spring were placed on
Li metal. During the charging process, the lithium ion moves from the cathode
(positive) into the anode (negative), while during discharge the movement is reversed.
The electrolyte serves as a carrier to the lithium ions between the two electrodes [76].
The electrochemical performance of assembled half-cells was measured by multichannel Bio-logic potentiostats (VMP-2) and (VMP-3) under galvanostatic mode at
room temperature. Before starting the test, the coin cells were rested for 2 hours. The
cyclic voltammetry tests were carried out at several rates of C/R (R in hour) between 3
V and 4.3 V with a constant voltage holding period at 4.3 V until the current dropped
below C/20.
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2.3 Results and Discussion
To achieve the capacity close to the theoretical capacity of NMC (150-200 mAh
g-1), the NMC, CB, and PVDF component with a weight ratio of 90:5:5 respectively
were mixed together in a NMP solvent using the homogenizer at 4000 rpm for 1h. After
preparing the slurry and casting on a current collector (Al foil), the electrode films were
totally dried and assembled to coin cells. The long-term cycling performance was
carried out at rates of 0.5C and 1C between 3 V and 4.3 V followed by constant voltage
holding of 4.3 V with current limitation of 0.05C at the end of each charge and rate of
1C between 2.5 V and 4.2 V without hold. The cells with low C-rate (0.5C) and holding
during charge at C/20 as shown in Figure 2.2 have the highest specific capacity (158
mAh g-1) and stable cycle life up to 210 cycles.

Figure 2.2: Potential vs. capacity profiles of electrodes with C-rates of 1C and 0.5C and
voltage window from 3 V to 4.3 V followed by constant voltage holding with current
limitation of 0.05C, and C-rate of 1C between 2.5 V and 4.2 V without holding step.
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To optimize sequence 1 and achieve the target loading (~ 2 mAh cm-1) with
high specific capacity, several electrode batches, coating gaps, and amount of NMP
solvent were made, while the weight ratio, mixing time, and mixing speed were the
same. At 200 µm initial blade gap, the theoretical capacity of NMC (160.69 mAh g-1)
and the loading level of (2 mAh cm-2) have been achieved as shown in Table 2.2 sample
2. The cells were charged and discharged between 3.0 V and 4.3 V followed by constant
voltage holding with current limitation of C/20 at the end of each charging step.
Table 2.2 Initial blade gap casting, the mass of NMC and NMP, loading, and the
specific capacity of different samples made from different batches.
Initial
blade
gap
(µm)

Coated
electrode
thickness
(µm)

Mass of
the
electrode
(mg)

Amount
of NMC
(g)

1

127

80

11.88

2

2.5

15.12

2.13

2

200

80

11.20

4

4

14.26

2

3

100

50

6.47

6

5

8.32

1.16

4

100

50

6.25

6

5

7.95

1.12

6

185

50

5.78

2

3

7.36

1.04

7

185

50

5.78

2

3

6.19

0.98

Samples

Amount
of NMP
(g)

Loading
Weight
2
(mg/cm )

Calculated
capacity
2

(mAh/cm )

The porosity and packing density do not seem to depend on mixing time, but
are strongly affected by calendaring as shown in Table 2.3. Figures 2.3a and b show
the discharge capacities at various current densities 0.2C, 1C, 10C, and 1C for the
electrodes prepared by different mixing times with calendering and without calendering
process. The mixing time and calendering process have a strong influence on capacity
at the high C-rate of 10C. However, the capacity vs. cycle number result shows that the
samples with (30 min) mixing time have a higher specific capacity over 90 cycles, while
the samples with longer mixing time (90 min) have lower capacity retention. The
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calendered electrode shows more degradation than the ones without calendering. The
specific capacity decreases by redusing the porosity % which affect the volume change
of the NMC during lithiation and delithiation [77] .

Table 2.3 Porosity, packing density (P.d), loading, and thickness of electrode samples
that prepared by different mixing time with and without calendering process.
Samples

P.d
(g/cm3)

Porosity (%)

Loading
(mAh/cm2)

Thickness (µm)

Without Calender
(30min)

1.80

58

1.94

71

(60min)

1.65

61

2.08

83

(90min)

1.69

60

2.03

79

With Calender
(30min)

2.71

36

2.06

50

(60min)

2.60

39

2.03

52

(90min)

2.64

38

1.99

49
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Figure 2.3: Discharge specific capacity at a variable charging rate of 0.2C, 1C, 10C,
and 1C of electrodes made by different mixing times in the voltage range from 3 V to
4.3 V followed by constant voltage with current limitation of 0.05C at charging step:
(a) without calendering, (b) with calendering.
To identify each material in the component electrode (NMC, CB, and PVDF),
SEM images in Figure 2.4a and b were taken for the samples prepared by mixing NMC
with the binder solution and dried at 130 °C for 12 h. The NMC in secondary particles
has irregular morphology [78]. Figure 2.4c shows the distributions of CB in the binder
solution after drying in a vacuum oven at 130 °C for 12 h.
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Figure 2.4: The scanning electron microscopy (SEM) images of the films that cast and
dried at 130 C for 12 h; (a) NMC and PVDF, (b) high magnification of NMC and PVDF,
(c) CB with PVDF.
Electrodes of several film thicknesses have been made to study the effect of the
gap spacing on the mass loading, porosity, and packing density of the prepared
electrodes. The electrodes were dried in vacuum oven at 130 °C for 12 h and calendered
with 40 µm calender machine gap. The electrodes thickness, loading, and packing
density increased with increasing the gap spacing, while the porosity decreased as
shown in Table 2.4.
Table 2.4 Coating gap, thickness, porosity, packing density (P.d), and loading of the
electrodes with various coating blade gap.
Coating Gap
(µm)
140
170
200
230

Thickness
(µm)
41
52
53
55

P.d
(g/cm3)
2.3
2.5
2.6
2.7

Porosity
(%)
45.5
39.6
39.8
36.1

Loading
(mg/cm2 )
9.5
13.5
13.6
14.8

Long-term cycling of the electrodes made with gap spacing 140, 200, and 230
µm at C-rate of 0.2C, 1C, 10C, and 1C is shown in Figure 2.5. The initial capacity (157
mAh g-1) of the 200 µm casting gap electrode was higher than the capacities (155 mAh
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g-1) and (150 mAh g-1) of 140 µm and 230 µm electrodes, respectively. At low and high
rates the 200 µm cast electrode has a better capacity than the other electrodes.

Figure 2.5: Rate capability of electrodes with different coated gap thickness (140, 200,
and 230 µm) at C-rate of 0.2C, 1C, 10C, and 1C in a half-cell with 3 V and 4.3 V
followed by constant voltage with current limitation of 0.05C at charging step.
The cell-to-cell and batch-to-batch reproducibility are critical in many
applications since a battery pack consists of hundreds or thousands of cells. A pack’s
performance is limited by its weakest cell. If cell-to-cell variation can be reduced, less
overdesign is required which can lead to the elimination of one or more cells per pack
without impacting performance. Two batches of electrodes were prepared using the
same conditions and studied the viscosity and electrochemical performance.
In contrast to a Newtonian fluid such as water and an elastic-plastic material
such as steel, many materials and notably structured liquids, such as battery slurries,
are viscoelastic. Storage modulus relates to the elastic portion, and the loss modulus
relates to the viscous portion of viscoelasticity [79, 80]. The steady-state flow tests were
used to obtain the shear stress and shear rate of the slurries. Oscillatory measurements
were used to obtain more information about how the particles disperse and when the
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sedimentation will occur [81]. Figure 2.6a shows that we can achieve the same viscosity
of the slurries at a shear rate between (3 to 8 s-1), and the slurries have shear thinning
behavior. Figure 2.6b shows the result of frequency sweeps using oscillatory shear
measurements. The storage modulus (G′) dominates over the loss modulus (G"), which
suggests that the slurries are gel-like rather than liquid-like.

Figure 2.6: Rheology measurements using Flow test of viscosity as a function of shear
rate between 3 s-1 to 8 s-1 (a), and oscillatory shear measurements as a function of
frequency sweeps (b).
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Statistical analysis using ANOVA was carried out for some samples after
cutting them to discs and measuring the mass of the coated electrode as shown in Figure
2.7. We found the P-value of 0.2067 (Table 2.5) which indicates that there is no
significant difference between the samples.
Two batches of electrodes were prepared under the same condition, and coin
cells of three samples from each batch were used to test the electrochemical properties.
The cycling performance at different C-rates rate (0.2C, 1C, 10C, and 1C) in Figure 2.8
shows that the samples have almost the same capacity during charge and discharge at
various current rates. The results approved that the cell to cell and batch to batch were
reproducible.

Figure 2.7: The way of cutting the samples from electrodes.
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Table 2.5 Statistical ANOVA table to show the P-value

Figure 2.8: Cycling Performance at Different C-rates for 6 samples from two batches
of electrodes made under the same conditions.
To help understand the distributions of the electrode components, the
morphology of the electrodes prepared using sequence 1 was studied. Figures 2.9a and
b show a SEM images of the electrode in cross-section, and Figures (2.9c-e) show the
EDS maps of carbon, oxygen, and fluorine, respectively. CB appears evenly dispersed
throughout the sample and form a network with PVDF between the NMC particles.
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Figure 2.9: The SEM images of the cross-section electrode that prepared by sequence
1 (a) and (b). Energy dispersive spectroscopy (EDS) maps of the elements carbon (c),
oxygen (d), fluorine (e) from the image (b).

Comparing with sequence 1, the viscosity of slurries prepared in sequence 2
was lower, and the rheological behavior was different if the same amount of NMP
solvent was used. To optimize sequence 2 and achieve the same viscosity as that in
sequence 1, different amount of NMP and the same weight ratio, mass, and mixing
speed were used. Figure 2.10a shows that the viscosity increases with decreasing the
amount of NMP. The loss modulus G" dominates over the storage modulus G′ as shown
in Figure 2.10b. This behavior is of liquid-like similar to what Bauer et al. reported [7].
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Figure 2.10: Viscosity as a function of shear rate of slurries prepared by using a
different amount of NMP solvent (powder to liquid ratio) (a), and oscillatory shear
measurements as a function of frequency sweeps (b).
The SEM images of the top surface and cross-section of the as-prepared
electrode after the curing and calendering steps in Figures 2.11a and b respectively
show the distribution of NMC and CB particles with PVDF binder. Some of the CB
particles were left on the surface of the NMC, and that was a result of the trapping by
the PVDF solution [26]. The cross-section images and the EDS maps show that the
NMC particles were covered with the mixture of CB particles and PVDF (Figure 2.11c
and d).
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Figure 2.11: SEM images show the distribution of NMC and CB particles with PVDF
binder in surface cathode electrode after dried in a vacuum oven with two different
magnification (a), the cross-section of the electrode (b), and the EDS maps of the
elements Aluminum (c) and carbon (d) from the cross-section image (b).
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To optimize sequence 3, the amount of NMP solvent was investigated, while
the weight ratio, mass, and mixing speed and time were fixed. Oscillatory
measurements show that the loss modulus G" dominates over the storage modulus G′,
and the slurry behaved as liquid-like. A change in the surface tension of the slurry was
also observed. This behavior happened when a part of PVDF contacted with the solid
particles and adsorbed at the surface while the other part extended in the solvent [80].
The NMC particles were covered with CB and PVDF, as shown in the cross-section
SEM and EDS images in Figures 2.12a-d. Figure 2.13 shows the particle distribution
of sequence 4 electrodes with different magnification.

Figure 2.12: SEM images of the cross-section electrode with two different
magnification (a) and (b), and EDS maps of the elements oxygen (c) and carbon (d)
from the image (b).
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Figure 2.13: SEM images of the cross-section electrode as-prepared by using the
sequence 4 with two different magnification (a) and (b).

Over a wide range of shear rate, the viscosity measurements of the four
sequences were measured, as shown in Figure 2.14a, to investigate the behavior of the
slurries at the same share rate (50 s-1) that was applied during casting of the slurries
onto the Al foil.
The viscosity measurements of the slurries over lower shear region show that
the shear thinning behavior became stronger in sequence 2 and 3. The sequences with
a higher ratio of powder to liquid exhibit higher shear thinning behavior [82] as shown
in Figure 2.14b and Table 2.6. Less drying time for electrodes prepared by sequence 2
was required because of the high concentration of the solid particles [83].
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(a)

(b)
Figure 2.14: Flow rheology measurements of the viscosity as a function of shear rate
of slurries prepared by using different mixing sequences; the red line shows the shear
rate used in the doctor blade coating device 50(1/s) (a), and over the lower shear region
(b).
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Table 2.6 The NMC, CB, PVDF, NMP, and powder to liquid weight ratio of the four
mixing sequences.
Sequence

NMC (g)

CB (g)

PVDF (g)

NMP (g)

Powder/Liquid
(P/L)

1
2
3
4

6
6
6
6

0.26
0.26
0.26
0.26

0.26
0.26
0.26
0.26

5.5
2.75
2.9
5.25

1.19
2.37
2.25
1.24

In Figure 2.15, we propose a structural model to explain the rheological
measurement results. For sequence 1, NMC particles were partially covered with the
mixture of CB and PVDF solution and formed a network as shown in Figure 2.15a. The
composite network increased the conductivity (26.8 S m-1) of the electrodes and created
a path for Li-ion during charging and discharging. In sequence 2 as shown in Figure
2.15b, after adding the binder solution to the mixture of dry powder, the binder
surrounded the particles and prevented the composite network between the NMC and
CB. This order of mixing showed a decrease in the conductivity (8.7 S m-1) of the
electrodes. For sequence 3, after adding the NMP solvent to the powder mixture, the
CB particles were trapped and agglomerated as shown in Figure 2.15c. The
agglomeration of the CB affected the distribution of the electrode materials and
decreased the conductivity (9.6 S m-1). In sequence 4 as shown in Figure 2.15d, the
electrodes showed different morphology and higher conductivity (21.2 S m-1) than
sequences 2 and 3. NMC and CB were combined without PVDF in sequence 1 and 4,
while in sequence 2 and 3 NMC and CB were combined with PVDF.
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Figure 2.15: Schematic illustration and cross-section SEM images of the composition
of electrodes NMC, CB, and PVDF after prepared by using; (a) sequence 1, (b)
sequence 2, (c) sequence 3, and (d) sequence 4.
The oscillatory measurement was the additional rheology test that was used
after the flow steady state test to obtain more information about the particle dispersion
and the sedimentation [7]. The storage modulus (G’) dominates over the loss modulus
(G”) for sequences 1 and 4 as shown in Figure 2.16a, and the slurries behave as geltype. Sequences 2 and 3 behave like liquid-type because of the loss modulus G"
dominates over the storage modulus G′ as shown in Figure 2.16b.
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Figure 2.16: Rheology tests using oscillation measurement for the slurries that prepared
by sequences 1 and 4 (a), and sequences 2 and 3 (b).

The hardness and elastic modulus of the samples were measured using a micro
indenter with a diamond Berkovich tip during loading and unloading at a constant rate
of 4 mN s-1 with a dwell period of 10 s at maximum load. The 20 µm depth was chosen
to allow sufficient penetration into the electrodes to avoid surface roughness effect on
the hardness and modulus measurement. A grid of 4 x 4 indentations and 250 µm
spacing between indents were used to avoid the influence of neighboring indentation
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marks as shown in SEM images Figure 2.17. The mean and standard deviation of the
hardness and elastic modulus of sequences 2 and 3 were higher than that of sequences
1 and 4 as shown in Figure 2.18 a and b, respectively and Table 2.7. The scratch test
indicates that the particle cohesion of the electrode in sequences 2 and 3 was stronger
than that of sequences 1 and 4 as illustrated in figure 2.19. The cohesion and adhesion
of the electrodes resulted from the interaction between the electrode materials. The
interaction between PVDF and CB was stronger than that between PVDF and NMC
[84].

Figure 2.17: SEM image of the targeted indentation on the NMC cathode electrode (a)
and magnified indent image (b).
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Figure 2.18: (a) Hardness and (b) Young modulus of the electrodes that prepared by
different mixing sequences measured at control depth 20µm and grid of 4 x 4
indentations.
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Table 2.7 Elastic modulus (E) and Hardness (H) of the different mixing sequences
electrodes. The values reported are mean ± standard deviation.
Sequence

Control Depth
H (MPa)

E (GPa)

1

30±13

3.45±1.12

2

37±16

5.11±1.25

3

48±13

7.41±1.66

4

31±13

3.59±1.73

Figure 2.19: The scratch test of electrodes prepared by sequences 1, 2, 3, and 4.

The galvanostatic cycling measurement was conducted to compare the cycling
performance of the electrode that was prepared by the four mixing sequences. Half cells
were cycled at different C-rates (0.2C, 1C, 5C, and 1C) and long-term cycling at 0.5C
as shown in Figure 2.20a and b respectively in a voltage range of 3V and 4.3 V followed
by constant voltage with a current limitation of 0.05C at charging step. Sequence 4 has
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better capacity at high rate (5C) as shown in Figure 2.20a, and sequences 1 has superior
cycle results over sequences 2, 3 and 4 with long time cycling.

Figure 2.20: The discharge specific capacity vs. cycle number at a variable charging
rate of 0.2C, 1C, 5C, and 1C (a) and long-term cycling at 0.5C (b) of NMC electrodes
that made of sequences 1-4 in the voltage range from 3 V to 4.3 V followed by constant
voltage with current limitation of 0.05C at charging step.
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2.4 Conclusions
Specific capacity close to the theoretical capacity of NMC and stable cycle life
were achieved by using voltage range from 3 V to 4.3 V and low C-rate (0.5C) followed
by constant voltage with current limitation of 0.05C at charging step. For sequence 1,
by using initial blade gap of 200 µm, the loading level of (2 mAh cm-2) and the
theoretical capacity of NMC (161 mAh g-1) were achieved. The porosity and packing
density do not seem to depend on mixing time but are strongly affected by calendaring.
The mixing time of 30 min in the second mixing step and calendering have a strong
influence on cell capacity at high C-rate.
The mixing sequences 1, 2, 3, and 4 were optimized, and the rheological
behavior of the slurries,

morphology,

conductivity,

and

mechanical

and

electrochemical properties of electrodes were investigated. Using the same amount of
NMP to prepare the slurries of sequences 2, 3, and 4, the viscosity was lower than the
viscosity of sequence 1. Reproducible results within each sequence as evaluated by
slurry, electrode characterization, and coin cell performance were achieved, and there
were no significant differences between the samples. Slurries from sequences 1 and 4
have different rheological properties from 2 and 3, and the rheological characterization
classifies them as ‘gel-like’ systems (dominant storage modulus). Conversely,
sequences 2 and 3, exhibit ‘fluid-like’ rheology (dominant loss modulus). Some of the
characterizations and observations appear to correlate with the gel or fluid-like behavior.
Specifically: (1) Gel-like (Sequence 1 and 4): Lower viscosity at the same NMP:solids
level than fluid-like (Sequence 2 and 3). More importantly, Sequence 4 has better
capacity at high rate (5C), and sequences 1 has superior cycle results over sequences 2,
3 and 4 with long time cycling.
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The key sequence-related factor determining fluid or gel-type behavior appears
to be whether the NMC and CB are mixed in the presence of or prior to the introduction
of the binder solution. The conductivity measurements show that electrodes from
sequence 1 have higher conductivity than the other sequences. The mechanical property
tests using micro-indentation indicate that the electrodes from sequence 3 have the
highest hardness and elastic modulus. This result is consistent with scratch test results,
which were used to understand the cohesion between the particles. Interestingly,
hardness and elastic modulus do not translate directly to better cycle life.
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Chapter 3 Adapting Membrane Manufacturing Technology to Making Lithium
Ion Battery Electrodes
3.1 Summary
We report a new method of making lithium-ion battery electrodes by adapting
an immersion precipitation (IP) technology commonly used in membrane
manufacturing. Specifically, a lithium-ion battery positive electrode consisting of
LiNi 1/3 Mn 1/3 Co 1/3 O 2 (NMC), carbon black (CB), and Poly(vinylidene difluoride)
(PVDF) was made by first preparing a slurry using N-Methyl-2-pyrrolidone (NMP) as
a solvent. The slurry was next cast onto an aluminum foil which was then immediately
immersed in a coagulation bath to remove the NMP solvent. The composition,
structure, and electrochemical performance of the electrode made by the IP method
were compared favorably with that made by the conventional method. This study
demonstrates that the IP method can be adapted to make LIBs with excellent
performance and durability at potentially lower cost and less environmental impact.
3.2 Introduction
Lithium-ion batteries (LIBs) have been commercially available since the early
1990s [85-87]. Many researchers worldwide are focusing on improving the
performance and durability while reducing the cost of advanced LIBs for applications
such as hybrid and pure electric vehicles, portable medical devices, and consumer
electronics [2, 88-92]. The US Department of Energy has set the performance and cost
targets for LIBs to meet the demand for hybrid and electric vehicles [93]. To reduce the
cost and environmental impact, several approaches have been investigated such as
using water based solvent [38] or completely dry manufacturing processes to eliminate
the toxic and costly NMP solvent in electrode fabrication, using bio-derived materials
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[4], reducing electrode drying time [40], reducing production cost [37], and improving
battery performance [38, 41].
The conventional manufacturing process of making LIB electrodes consists of:
(1) mixing active materials, conductive agent, and binder in a solvent, (2) casting the
slurry onto Al foil for making the positive electrode or Cu foil for making the negative
electrode, (3) drying at high temperature, and (4) calendering the electrode to control
its porosity and packing density. The typically used NMP solvent is toxic, flammable,
and expensive [57, 58]. During heat drying, the NMP will consume a large amount of
energy to evaporate. The NMP vapor must be captured instead of being released to the
atmosphere. The capturing of the toxic and expensive organic solvent is one of the
motivations for this work. A further motivation is to reduce the manufacturing time and
the energy cost for drying.
Immersion precipitation (IP), a demixing process, is one of the phase inversion
methods which has been widely used to make commercial porous polymeric
membranes [8, 9]. Recently, the IP method has also been used to make polymer
electrolyte membranes and separators for LIBs [10-12]. The demixing process can be
achieved by solvent and non-solvent phase exchange in multicomponent mixtures [13].
In this process, the polymer solution is cast on a suitable support which is then
immersed into a non-solvent bath [8, 13]. Two mechanisms would operate as soon as
the cast homogeneous polymer solution is exposed to a non-solvent bath: mass transfer
and phase separation, resulting in transferring of the solvent molecules from the
polymer solution to the non-solvent bath. As a result, a two phase mixture consisting
of a solid polymer matrix and a non-solvent phase would grow and develop. After
removing the non-solvent phase, a porous structure forms [44-46]. The structure and
the porosity of the solid porous polymer film depend on the properties of the materials
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and the processing conditions such as the composition of the materials, the
concentration of polymer in solution, the pH and the temperature of the non-solvent
bath, and the exposure time in the gelation bath [47-50].
Several similar requirements exist in polymeric membrane manufacturing and
LIB electrode fabrication. Both involve PVDF and NMP, and both require high porosity
and well-defined thickness. Unlike PVDF membranes, however, LIB electrodes must
have a high loading of solid particles, which makes translating the IP method to
electrode fabrication nontrivial. Nevertheless, we hypothesize that successfully
translating the mature membrane manufacturing technology to electrode fabrication
will reduce the cost and environmental impact of making LIB electrodes. This work is
the first attempt to demonstrate the possibility of adapting the IP method for LIB
electrode manufacturing.
For commercial LIBs, one of the most promising materials for a positive
electrode is LiNi 1/3 Mn 1/3 Co 1/3 O 2 (NMC). NMC has structural stability and high
specific capacity comparing with other cathode materials [94]. PVDF, widely used in
making porous membranes, is a typical binder for LIBs [58]. Indeed, several studies
have shown that the PVDF is one of the most popular binders for cathode and anode
fabrication [38], microporous polymer electrolyte [95], and separator in LIBs [8].
PVDF is inert and acid resistant [96]. It can also help improve adhesion between active
materials, conductive agent, and current collector in LIBs [38].
In this paper, we (1) develop and demonstrate a new method of making LIB
positive electrodes by an immersion precipitation (IP) process, (2) characterize the
electrode structure, including particle distribution and porosity, and (3) compare the
performance and cycle life of electrodes made by the IP and conventional methods.
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3.3 Experimental part
3.3.1 Electrode preparation
The weight ratios of NMC to CB to PVDF binder were fixed at 92:4:4 wt.%
respectively. CB and PVDF were dried in a vacuum oven for 24 h before use. The
mixing steps are shown in Figure 1a. First, PVDF was dissolved in NMP in a
(Mazerustar KK-50S, Kurabo) planetary mixer-deaerator operated at 680 rpm rotation
and 1140 rpm revolution with a total time of 360 s. Second, CB was added to the binder
solution followed by mixing at 4000 rpm for 45 min in a (Polytron PT 10-35 GT)
homogenizer. Third, NMC was added to the homogenizer, and the mixture was mixed
at 4000 rpm for 1 hour. Finally, the homogeneous slurry was rested in a vacuum
chamber for 5 min to remove bubbles and then transferred out of the chamber to cast at
room temperature onto 15 μm thick aluminum foil with an automatic compact film
coater with built-in dryer and vacuum chuck (MTI Corp). For casting, the adjustable
doctor blade gap was set at 200 µm and the casting speed was 0.2 m/min. The above
fabrication steps are the same for both IP and the conventional method of making
electrodes.
Adapting the IP method for membrane fabrication, the casted electrode was
immediately immersed in a deionized (DI)-water bath at 25°C for 2 min followed by a
pre-drying step by exposing the electrode in dry air for 5 min. The electrodes were left
to dry at room temperature overnight. The IP method of making electrodes is
schematically illustrated in Figure 3.1a-d.
The electrode was calendered with a 40 µm rolling gap using a compact electric
rolling press (MTI Corp.) at room temperature to improve the adhesion of electrode
materials with the Al foil and control the porosity and packing density [97]. The
calendered electrode was punched to 12 mm diameter discs by a Precision Disc Cutter
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(MTI Corp.) and further dried in vacuum oven for 12 h at 130°C. For comparison,
positive electrodes of the same composition were prepared by the conventional slurry
method using the same mixing sequence and parameters without the IP step. Coin cells
of CR2025 type (Hohsen) were made in a glove box using electrodes made by IP and
the conventional slurry method. The 12 mm diameter NMC positive electrodes discs
were assembled by automatic coin cell crimper (KTE-20S-D, Hohsen) in inert argonfilled glove box (MBRAUN MB-20-G) with oxygen and moisture level of (<0.1 ppm).
Pure lithium metal foils (Sigma Aldrich) were used as counter and reference electrodes.
The electrolyte was added on the poly-propylene (Celgard 2400) microporous separator
film to carry the Li-ions between the electrodes. Stainless steel spacer and waved spring
were placed on lithium discs to increase the pressure on the electrode to achieve good
electrical contact.

Figure 3.1: Schematic illustration of the immersion precipitation (IP) process for
making LIB positive electrodes: (a) mixing, (b) casting, (c) immersion precipitation,
and (d) cross-section and top-view SEM images of NMC electrode made by the IP
method.
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3.3.2 Characterization
3.3.2.1 Morphology
Scanning electron microscopy (SEM) images were collected in an
environmental scanning electron microscopy (ESEM) (Quanta FEG 250, FEI) to
observe the surface structure of PVDF membranes and the structure of the surface and
cross-section of the positive electrodes made by the IP and conventional methods. The
cross-section sample preparation described in chapter 2 section 2.2.3.2, and the
calculation of porosity and packing density of the electrodes described in section
2.2.3.5.
3.3.2.2 Electrolyte uptake
Using the equation (1) [95, 98, 99], we can calculate the electrolyte uptake of
the prepared electrodes.
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 =

𝑊𝑊w −𝑊𝑊d
𝑊𝑊d

× 100%

(1)

where 𝑊𝑊d is the weight of the dry electrode and 𝑊𝑊w is the weight of the wet electrode

with electrolyte. The procedure was done by measuring the mass of the dried electrodes,

soaking the electrodes with the electrolyte (1M LiPF6 in ethylene carbonate/ethylmethyl carbonates (EC/EMC 3:7 by volume) with 2% vinylene carbonate (VC) for 1 h,
and then taking the electrodes out of the electrolyte and measuring the weight again.
3.3.2.3 Electrochemical measurements
More than 16 coin cells from 3 batches were made to test the electrochemical
performance of the prepared electrodes by the IP process and conventional methods in
half-cells with pure lithium as the counter electrode. The coin cells were connected to
a Potentiostat/Galvanostat (Bio-Logic MPG-2) or (Bio-Logic VMP-3) with
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galvanostatic mode at room temperature to provide charging and discharge profiles.
The lower and upper voltage limited for NMC cathodes were 3 and 4.3 V, respectively.
The C-rate is the cycling rate of the electrodes at a different rate of C/R (R hours per
charge or discharge).
3.3.2.4 Electrochemical Impedance Spectroscopy
Electrochemical impedance spectroscopy (EIS) measurements were done using
the Bio-Logic Potentiostat/Galvanostat (VMP-3) with a frequency range from 10 mHz
to 100 kHz and potential amplitude of 5 mV at room temperature. The coin cells were
rested for 24 h before running the impedance measurement.
3.4 Results and discussion
The scanning electron microscope (SEM) images in Figure 3.2a-c show a top
view of the PVDF alone at different magnification. The PVDF/NMP solution was cast
onto the Al foil with a 200 µm blade gap. It was immediately immersed in DI-water for
2 min and then removed from the DI-water bath to dry at room temperature overnight.
Finally, it was dried in a vacuum oven for 12 h at 130°C. To show the difference in the
final structure of PVDF film that made by IP and the conventional electrode
manufacturing methods, a PVDF/NMP solution was cast and dried at room temperature
overnight before drying in the vacuum oven for 12 h at 130°C (designated as the
“conventional PVDF”). The formulation of PVDF and NMP (weight ratio %) and
casting condition were the same to ensure that the PVDF films only differ in the IP step.
Figure 3.2d shows that the “conventional PVDF” film has a dense structure with small
holes that formed after NMP evaporation, while the IP method PVDF film at the same
magnification, shown in Figure 3.2c, has a uniformly distributed microporous structure
with larger holes formed after water evaporation.
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Figure 3.2: Scanning electron microscope (SEM) images of top surface of PVDF film
formed by the IP method with different magnifications (a), (b), and (c), and by the
“conventional PVDF” (d).
SEM images, Figures 3.3a and b, show the top surface of conventional and IP
created electrodes after calendering respectively. The cross-section of the conventional
electrode after calendering is shown in Figure 3.3c, while Figure 3.3d shows the IP
electrode after calendering. The electrode components are observed as bright gray
(NMC), dark gray (CB & PVDF), and black (porous regions). From the SEM images
in Figure 3.3, the electrode particles are stacked together to form the electrode, and the
PVDF binder coats the surface of the particles and bridges them together. Some of the
particles fill the pores of the PVDF structure which is formed by evaporating the DIwater [12]. The cross-section images of the IP method in Figures 3.3d shows a more
54

homogeneous distribution of NMC particles without sedimentation, and fewer
agglomerated particles than that of the conventional electrode shown in Figure 3.3c.

Figure 3.3: Scanning electron microscope (SEM) images of NMC electrodes after
calendering: top surface of conventional made electrode (a) and IP method electrode
(b), the cross-section of the conventional electrode (c), and the cross-section of the IP
method electrode (d).
To understand the differences between the IP and conventional electrode
fabrication methods, the electrolyte uptake was calculated which shows that the
electrodes made by the IP method without calendering have more electrolyte uptake
(34%) than the electrodes made by conventional method (29%). The electrolyte can fill
the pores and swell into the PVDF structure because of the microporous structure in the
PVDF membrane [12] which greatly increases the electrolyte uptake [99]. The
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electrolyte uptake for the electrode that made by IP and conventional methods after
calendering was (17%) and (16%), respectively.
The galvanostatic cycling measurement was carried out to compare the capacity
and cycling performance of the electrodes made by the IP and conventional methods.
To observe the differences between the behaviors of NMC cathodes, half cells were
cycled at 0.5C in the voltage range of 3 to 4.3 V followed by a constant voltage step
with a current limitation of 0.05C at the charging step. The discharge capacity was
calculated based on the NMC mass. Figure 3.4a shows the discharge specific capacity
versus the cycle number for both positive electrodes without calendering. IP and
conventional made electrodes show initial capacity of (147 mAh g-1) and (148 mAh g). After 163 cycles, their capacities are (117 mAh g-1) and (109 mAh g-1) with capacity

1

retention of 80% and 74%, respectively. The results are consistent based on tests
conducted on multiple cells from several batches. Thus, electrodes made by the IP and
conventional methods have slightly different initial and long-term cycling capacities.
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Figure 3.4: Electrochemical characteristics of NMC electrodes made by IP and
conventional methods without calendering in the voltage range from 3 to 4.3 V
followed by a constant voltage charging step with current limitation of 0.05C: the
discharge specific capacity on the left side and the coulombic efficiency on the right
side versus cycle numbers (a), discharge specific capacity at variable charging rate of
0.2, 0.5, 1, and 2C then back to 1C (b), and charge-discharge profile for the cycles 1st,
5th, 10th, and 20th under 0.5C rate (c).
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The rate capability of the NMC electrodes, summarized in Table 3.1, was
measured with various charge and discharge rates of 0.2, 0.5, 1, and 2C then back to
1C between 3.0 and 4.3 V followed by a constant voltage charging step with a current
limitation of 0.05C. At low rates, both electrodes have a similar discharge capacity,
while at high rates (2C) the IP electrode (136 mAh g-1) has a higher capacity than the
conventional electrode (126 mAh g-1) as shown in Figure 3.4b. The difference in
discharge capacity at a higher rate of 2C is referred to the difference in
electrode/electrolyte contact area which is expected to be larger in the more porous IP
electrodes, leading to faster ionic transport and reduced polarization [100]. The
improvement in cycle life, capacity retention, and rate performance at the high rate of
2C for an electrode made by the IP process suggests that by using this method the
structure of the PVDF [50], the porosity, and the homogeneous distribution of the NMC
particles may be better than that by the conventional method.
Table 3.1 The rate capability of the NMC electrodes without calendering at a various
charge and discharge rates of 0.2, 0.5, 1, and 2C then back to 1C.
Electrode
Capacity Capacity Capacity Capacity
without
(mAh g-1) (mAh g-1) (mAh g-1) (mAh g-1)
calendering
at 0.2C
at 0.5C
at 1C
at 2C
IP method

153

148

143

136

Back to
capacity
(mAh g-1)
at 1C
143

Conventiona
l method

148

146

139

126

138

Figure 3.4c shows the comparison of the 1st, 5th, 10th, and 20th charge and
discharge curves of the NMC electrodes which were prepared by conventional and IP
methods. The red dashed lines show the results for electrodes made by the IP method,
while the solid black lines show the result for the conventionally made electrode. All
the curves exhibited the same behavior with smooth charge-discharge curves.
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To control the porosity and the packing density, we have calendered the
electrodes and measured the cycling performance with the same cycling rates as the
electrodes that were tested without calendering. The IP made electrodes have higher
porosity, slightly thicker, and lower packing density than the conventional electrodes
as shown in Table 3.2. The cycling performance in Figure 3.5a shows that the capacity
of IP electrode degraded from (148 mAh g-1) to (128 mAh g-1) after 163
charge/discharge cycles with capacity retention of 85%, while the capacity of
conventional electrode decayed from (151 mAh g-1) to (92 mAh g-1) after 163 cycles
with capacity retention of 62%. Long-term cycling has shown that the IP made
electrode has a cycle life and capacity retention better than the conventionally made
electrode.
Table 3.2 The porosity, thickness, loading, packing density, and initial discharge
capacity of both electrodes made by conventional and IP methods.
Electrodes

Thickness
(µm)

loading
(mAh cm-2)

Porosity
(%)

Packing
density
(g cm-3)

Discharge
initial capacity
(mAh g-1)

Without calendering
IP

90

2.31

60

1.69

147

Conventional

88

2.32

59

1.73

148

Calendering with 40µm gap
IP

62

2.62

35

2.78

151

Conventional

55

2.33

34

2.79

148

The rate capacity for both electrodes has similar behavior as shown in Figure
3.5b. The IP electrodes have a higher cycling stability than the conventional electrodes
which indicates that the IP method may be better than the conventional method.
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Figure 3.5: Long-term cycling performance and coulombic efficiency of NMC cathodes
made by IP and conventional methods with 40 µm calendering at a rate of 0.5C and
voltage range from 3 to 4.3 V followed by constant voltage during charging process
with current limitation of 0.05C (a) and the rate capability at 0.2, 0.5, 1, and 2C then
back to 1C (b).

To compare the electrochemical resistance of the electrodes made by the
traditional and the IP method, the electrochemical impedance spectroscopy (EIS) was
used. The experimental impedance and the well fitted equivalent circuit as shown in
Figure 3.6 were used to explain the internal impedance of the cells before and after
cycling. The Nyquist plots for the electrodes at the initial state consist of mainly three
contributions. The displacement of the semicircle plot from the origin at the highest
60

frequency represents mainly the electrical resistance of electrolyte, separator, and
electrode (Re). The intermediate-frequency semicircle can be assigned to charge
transfer resistance (R1) and its associated the constant phase elements (CPE1), and the
low-frequency tail is attributed to Warburg effect (W o ) that characterizes the diffusion
of Li-ions on the active material particles/electrolyte interface [100-102]. Using the
Zview software, the fitted equivalent circuit shown in the inset Figure 3.6a were used
to fit the plots. The electrodes without calendering show that the IP method electrode
before cycling has semicircle smaller than the traditional electrode as shown in Figure
3.6a. The numerical values of the elements are given in Table 3.3 which indicated that
the IP electrode has lower resistance. We believed that the lower interfacial resistance
(R1) in IP electrodes results from the formation of microporous structure of PVDF after
immersed in DI-water and the difference in material distributions and fabrication [102]
as shown in cross-sectional SEM image Figure 3.3d. After the solvent-non solvent
exchange occurs and NMP leaves the PVDF, the PVDF forms pores around NMC and
CB particles within a few seconds. The porous structure of PVDF in the IP electrode
can host more electrolyte than the traditional one and that will ensure an easy path for
the Li-ions to reach the NMC particles and lower the resistance. In the traditional
method, the PVDF formed layers with less porosity, and that reduced the uptake of the
electrolyte and the kinetic of the Li-ions.
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(b)

(a)

Figure 3.6: Electrochemical impedance spectroscopy (EIS) of traditional and IP
electrodes: Nyquist plots and equivalent circuit of the electrodes before cycling (a), and
after 160 cycles (b).

Table 3.3 The fitting numerical values of the equivalent circuit elements at the initial
states.
Sample

Re (ohm)

R1 (ohm)

CPE1 (F)

Traditional method

1.4

352.4

1.2E-5

IP method

2.3

297.8

1.6E-5

The Nyquist plots of the electrodes with calendering as shown in Figure 3.6b
were changed to one semicircle in the high frequency range and another semicircle at
lower frequency range after cycling to 160 cycles. After cycling, we observed the
second semicircle at low frequency which we believe it’s attributed to SEI layer formed.
The resistor (R1 and R2) and the constant phase elements (CPE1 and CPE2) values
after cycling as shown in Table 3.4 were obtained from the fitting of the equivalent
circuits in the inset Figure 3.6b. R1 is the SEI film impedance, and R2 is the faradic
charge-transfer resistance. It should be noted that the (W o ) is not taken into account,
and the capacitors are now replaced by constant phase elements (CPE1 and CPE2) to
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better fit the depressed semicircles [103]. It can be found that the IP electrodes have
resistance smaller than the traditionally made electrodes.

Table 3.4 The fitting numerical values of the equivalent circuit elements after
cycling.
Sample

Re (ohm)

R1 (ohm)

CPE1 (F)

R2 (ohm)

CPE2 (F)

Traditional
method

48.6

130.3

3.2E-5

38.8

4.9E-3

IP method

13.5

118

7.2E-5

32.3

1.3E-2

To identify the morphology of the electrodes that prepared by the IP and
traditional methods after 160 cycles, the post-cycling SEM and EDS images shown in
Figure 3.7a-g were obtained. The SEM images show that both electrodes exhibit cracks
after cycling. The microporous PVDF structure in IP electrode reduced the size of the
cracks in Figures 3.7a and b comparing with the traditional electrodes in Figures 3.7c
and d. The distributions of the NMC and PVDF throughout the electrode are shown in
the EDS images which are presented by the elements oxygen, fluorine, and carbon in
Figures 3.7a-c, respectively. The PVDF effectively maintained the structure of the
electrode, and the cracks may help explain the capacity fading during cycling.
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Figure 3.7: SEM images of the top surfaces of the electrodes after 160 cycling at 0.5C
cycled between 3.0 V to 4.3 V: (a) the traditional electrode, (b) magnified traditional
electrode, (c) the IP electrode, (d) magnified IP electrode. EDS maps of the IP electrode
of the elements oxygen (e), fluorine (f), and carbon (g) from the image (d).
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3.5 Conclusions
Half-cells of NMC electrodes made by the IP and conventional methods were
characterized and tested. The results show that the IP process can be used to
manufacture the LIB positive electrodes. The morphology shows that the electrodes
made by the two methods have a similar microstructure with a slight difference in the
material distribution, which leads to similar electrochemical performance and cycling
life.
The exchange of NMP in the slurry with the DI-water can solidify the electrode
fast without generating toxic and volatile NMP vapor that occurs during the drying step
in conventional electrode manufacturing. The IP process may, therefore, reduce the
energy cost and shorten the time for drying. Furthermore, since NMP is dissolved in
water instead of forming NMP vapor in the IP process, distillation may be used to
extract and reuse NMP in battery manufacturing. This work demonstrates that the IP
method can be adapted to prepare LIB positive electrodes, which opens a new direction
of making electrodes faster and at lower cost.
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Chapter 4 Solvent-Free Dry Powder Coating Process for Low-Cost
Manufacturing of LiNi1/3Mn1/3Co1/3O2 Cathodes in Lithium-Ion Batteries
4.1 Summary
We report a solvent-free dry powder coating process for making
LiNi 1/3 Mn 1/3 Co 1/3 O 2 (NMC) positive electrodes in lithium-ion batteries. This process
eliminates volatile organic compound emission and reduces thermal curing time from
hours to minutes. A mixture of NMC, carbon black, and poly(vinylidene difluoride)
was electrostatically sprayed onto an aluminum current collector, forming a uniformly
distributed electrode with controllable thickness and porosity. Charge/discharge
cycling of the dry-powder-coated electrodes in lithium-ion half cells yielded a
discharge specific capacity of 155 mAh g-1 and capacity retention of 80% for more than
300 cycles when the electrodes were tested between 3.0 and 4.3 V at a rate of C/5. The
long-term cycling performance and durability of dry-powder coated electrodes are
similar to those made by the conventional wet slurry-based method. This solvent-free
dry powder coating process is a potentially lower-cost, higher-throughput, and more
environmentally friendly manufacturing process compared with the conventional wet
slurry-based electrode manufacturing method.
This chapter is reproduced from the work that published as: Al-Shroofy,
Mohanad, Qinglin Zhang, Jiagang Xu, Tao Chen, Aman Preet Kaur, and Yang-Tse
Cheng. "Solvent-free dry powder coating process for low-cost manufacturing of
LiNi 1/3 Mn 1/3 Co 1/3 O 2 cathodes in lithium-ion batteries." Journal of Power Sources 352
(2017): 187-193. Copyright © 2017 Elsevier B.V.
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4.2 Introduction
Lithium-ion batteries (LIBs) dominate the market of energy-storage systems
utilized in portable consumer electronic devices due to their high operating voltage,
good rate capability, and long cycle lifetime [103-108]. While LIBs are popularly used
in portable devices, state-of-the-art LIBs are behind the target needed for widespread
adoption in vehicular applications and large-scale stationary storage systems. The
Department of Energy suggests that energy-storage systems must meet a cost target of
$125 kWh-1 to meet the requirements for widespread adoption, which would require a
three- to four-fold reduction in system costs [34]. In a recent publication, Wood and
coworkers suggest (1) reducing electrode processing costs associated with organic
solvents and their drying time and (2) increasing electrode thickness without
compromising power density as two ways to significantly reduce system costs in LIBs
[40].
The most commonly employed wet slurry-based coating method for electrode
fabrication involves the mixing of active material, polymer binder, and conductive
additive in a solvent. The slurry is then coated onto current collectors, dried, and
calendered. N-methylpyrrolidone (NMP) is the most commonly used organic solvent
to dissolve the poly(vinylidene difluoride) (PVDF) binder in electrode fabrication.
Evaporation of NMP requires a significant energy investment, as electrodes must be
dried for several hours at temperatures as high as 120 ºC to remove this solvent [109].
Because of NMP’s high cost and potential as an environmental pollutant, solvent
recovery is necessary in commercial applications, adding further costs to battery
fabrication [40]. Numerous research groups have explored the possibility of removing
organic solvents from electrode fabrication to reduce costs and environmental impact.
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By replacing traditionally utilized PVDF with polymer binders such as
carboxymethyl cellulose (CMC) [110, 111], alginate [112], and fluorine acrylic latex
(TRD 202A) [113], water can be used instead of NMP as the solvent for electrode
preparation. In several publications, water-based slurries have been reported to create
electrodes with comparable performance to those fabricated with NMP [113]. Using
water as the solvent eliminates the use of organic solvents, however, the time-intensive
and energy-demanding drying step can be further optimized to reduce the cost of battery
fabrication. For these reasons, new methods of electrode fabrication have been explored
to eliminate the use of solvents altogether.
Solvent-free coating process utilizing dry particles is an ideal alternative
solution to replace the wet slurry-based manufacturing process, as it eliminates the cost
of solvents as well as the cost of their removal and recovery. Solvent-free
manufacturing has been achieved through pulsed-laser deposition, a method in which a
laser is focused on to-be-deposited electrode components. This technique requires high
vacuum (10-6 Torr) and high annealing temperatures (>600 ºC), producing only thin
films of cathode material (<500 nm) [14, 15] and is therefore impractical for large-scale
fabrication. While Radio frequency (RF) magnetron sputtering can be used with lower
temperature substrates (350 ºC), it requires expensive instrumentation and inert
atmospheres, again impractical for large-scale electrode fabrication [16].
Another method for dry-powder coating is Electrostatic Spray Deposition
(ESD), a solvent free technology that has been used in coating industries for over 30
years to create decorative and functional paints and coatings. This method eliminates
the release of volatile organic compounds (VOCs), reduces energy consumption,
increases paint material transfer efficiency, and improves painted-surface quality. In
ESD, particles are charged as they pass through a charging gun, and are deposited onto

68

a grounded surface [17]. This method can be used on large particles and is scalable,
offering high deposition rates onto large surfaces [18].
Recently Hiroya et al. reported the fabrication of cathodes using a tribocharging gun made of a polytetrafluoroethylene (PTFE), which produces mostly
positively charged particles. The cathodes coated on aluminum current collectors at
room temperature contained LiCoO 2 particles (LCO, ~2 µm in diameter) as the active
material, carbon black particles (~40 nm) as the conductive agent, and poly(methyl
methacrylate) particles (~100 nm) as the binder. These subsequently roll-pressed
electrodes (ca. 70 µm thick) were reported to have a capacity of ca. 140 mAh g-1 in
lithium half cells charged at 0.1C for one cycle [114]. More recently, Ludwig et al.
reported the use of ESD, followed with hot-rolling treatment, to create 40-130 µm thick
cathodes containing a 90:5:5 ratio of LCO:carbon additive:PVDF with ca. 30%
porosity, which delivered specific capacity of 121 mAh g-1 at a charge rate of 0.1 C in
lithium half cells. Similarly prepared cathodes containing LiNi 1/3 Mn 1/3 Co 1/3 O 2 (NMC)
as the active material were also reported, showing 138 mAhg-1 in lithium half cells
[115].
In this study, we sought to (1) further demonstrate laboratory scale solvent-free
dry powder coating processes for making LIB cathodes, and (2) compare in detail the
performance and durability of electrodes made by dry powder coating processes with
that by wet slurry coating processes and to other cathodes prepared by this method.
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4.3 Experimental
4.3.1 Electrode Fabrication
4.3.1.1 Dry-Powder-Coated Electrodes
To prepare the dry cathode mixture, NMC (Umicore) was mixed with carbon
black (CB, Super P C65, TIMCAL) in a planetary mixer-deaerator (Mazerustar KK50S, Kurabo) for 20 min. The NMC particle size is between 5.6 µm and 12 µm
(D 50 =10.0). The resultant mixture was combined with PVDF

(kf 1100, Kureha

America) to create a mixture of NMC:CB:PVDF with a weight ratio of 80:10:10, which
was obtained after mixing in a ball mill (8000M Mixer/Mill, SPEX) for 30 min.
The electrostatic dry-powder-coating process for electrode fabrication utilized
a corona-type electrostatic spray gun setup (Figure 4.1) inside a spray booth to capture
loose powder, which was used to spray the powder mixture onto an electrically
grounded Al foil (15 µm thick). The DC voltage between the gun and Al foil was set at
25 kV. Compressed air (15 psi) was used to transport the powder mixture from the
hopper to the spray gun. The distance between the tip of the spray gun and the substrate
was fixed at 20 cm. The angle between the spray direction and the normal of the Al foil
was 45º. The thickness of the sprayed layer was controlled by keeping the spraying time
to 1 min, and the size of the fabricated electrode layer was about 18 mm wide and 25
mm long. The dry-powder-coated electrodes were transferred to an oven and heated in
air for 1 h at 170 ºC. Then the baked electrodes were calendered at room temperature
with specified gap spacing by a compact electrical rolling press (MTI Corp.). The gap
spacing was estimated to be between 10-25 µm during calendering. 12 mm diameter
discs were cut using a Precision Disc Cutter (MTI Corp.) and transferred to a glove
box.
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4.3.1.2 Wet-Slurry-Coated Electrodes
For comparison, slurry-based electrodes were prepared from NMC, CB, and
PVDF (90:5:5 wt. ratio) suspended in NMP (84% in volume, BASF). The slurry was
blended in a homogenizer at 4000 rpm for 1 h (Polytron PT 10-35 GT) and afterward
was casted onto Al foil (15 μm thick) using a compact-tape casting coater with
integrated dryer and vacuum chuck (MTI Corp.). The adjustable doctor blade gap was
set to 200 μm, and slurry was cast at a speed of 0.2 m min-1. The electrodes were dried
in air overnight and calendered in a compact electric rolling press (MTI Corp.) with
adjusted clamping force at room temperature. After calendering, 12 mm diameter discs
were cut using a Precision Disc Cutter (MTI Corp.) after which they were placed in a
vacuum oven at 130 °C for 12 h.
4.3.2 Electrode Characterization
4.3.2.1 Morphology
Using an Environmental Scanning Electron Microscopy (ESEM) with Energy
Dispersive Spectroscopy (EDS) (Quanta FEG 250, FEI), we investigated the
morphology and composition of the powders, as well as the surface and cross section
of the electrodes made by the electrostatic spray and wet slurry coating processes.
4.3.2.2 Thermogravimetric Analysis
Thermogravimetric Analysis (TGA) was used to determine the mass ratios of
the powder mixtures consisting of NMC, CB, and PVDF before and after electrostatic
spraying. TGA experiments were performed on a TA Q500 instrument, with a standard
heating rate of 10 °C min-1 from ambient temperature to 800 °C under air.
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4.3.2.3 Coin Cells Assembling and Electrochemical Tests
CR2025-type coin cells were assembled using an automatic coin cell crimper
(KTE-20S-D, Hohsen) inside argon filled glovebox (MB-20-G, MBraun) with water
and oxygen levels below 0.1 ppm. Lithium metal foil (99.9%, Sigma–Aldrich) was used
as the counter/reference electrode. A piece of poly-propylene membrane (Celgard
2400) was used as the separator between the lithium foil and the cathode. 1M LiPF 6 in
ethylene carbonate/ethylmethyl carbonate (EC/EMC 3:7 by volume, BASF) with 2%
vinylene carbonate (VC, BASF) was used as the electrolyte. The electrolyte weight
ratios were 12.5 wt% LiPF 6 , 25.7 wt% EC, 59.9 wt% EMC, and 2.0 wt% VC. A
stainless steel spacer and spring were placed on the lithium metal to obtain a uniform
current distribution and served as a current collector. The electrochemical
characterization of the assembled cells was performed using a multi-channel
potentiostat (VMP-3, Bio-logic) operated in the galvanostatic mode. Cell cycling was
performed at room temperature with a 2 h resting period before each test. Charge/
discharge tests were also performed at variable rates, ranging from 0.5C to 10C, cycling
between 3.0 V and 4.3 V. At the end of each charge, the electrode was holding at 4.3 V
until the current dropped below 0.05C. More than 20 coin cells from 3 batches were
made to test the electrochemical performance of the prepared electrodes by the dryprocess and wet-process methods in half-cells with pure lithium as the counter
electrode.
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Figure 4.1: Illustration of an electrostatic dry-powder coating process for making
cathodes containing NMC, carbon black, and PVDF.

4.4 Results and discussion
NMC was used as the cathode active material because of its high reversible
specific capacity (150-200 mAh g-1) [116], high energy density (140-180 Wh/kg) [117],
and high charge and discharge rate capability [94]. The dry-powder-coated electrodes
were transferred to an oven set at 170 ºC, close to the melting point of PVDF (177 ºC)
and were heated in air for 1 h. The heating temperature was close to melting point of
PVDF to build bonding between PVDF and the solid particles (NMC and CB),
meanwhile maintain the porosity of electrodes during heating [118]. The baked
electrodes were calendered at room temperature to increase the cohesion between the
particles and the binder hence improve the integrity of the electrodes. The calendering
process could also improve the adhesion between the coated materials and the Al foil,
and control the porosity and the packing density of the electrodes.
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To determine whether the dry-powder-coated electrodes contained the target
ratio of NMC:CB:PVDF with as-prepared mixture of powders, we analyzed the premixed powder and that deposited on the Al foil using TGA. For the powder mixture
and coated electrodes, mass loss trends (Figure 4.2a) were nearly identical. Comparing
the TGA plots of the mixtures to that of the components shown in Figure 4.2b, it is
evident that the mass loss spanning ca. 400 to 460 ºC corresponds to PVDF [119, 120],
whereas the loss from 500 to 600 ºC corresponds to CB. In the temperature window
analyzed, NMC does not lose mass, which means it is thermally stable [121].
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Figure 4.2: Mass retention vs. temperature of electrode mixtures before and after
electrostatic dry-powder-coating, as determined by thermogravimetric analysis (TGA)
under air atmosphere (a), and TGA for pure PVDF, CB, and NMC (b).

SEM was used to analyze the powder mixtures to determine whether the
particles remained intact after electrostatic coating. SEM images (Figure 4.3a-b)
indicate that the NMC particles are intact after processing, as no appreciable
morphological difference is observed before and after coating. The SEM image of the
top surface of the as-prepared electrode after the curing and calendering steps (Figure
4.3c) shows that the electrode is more dense after processing. Figure 4.4 shows the even
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distribution of the electrode particles over a large electrode area. For comparison, a top
view of a slurry-made electrode after drying and calendaring is shown in Figure 4.3d.

Figure 4.3: Top-view SEM images of: (a) Powder mixture before dry-powder coating.
(b) Powder mixture after dry-powder coating. (c) Dry-powder-coated electrode after
calendering. (d) Wet-slurry coated electrode after drying and calendering.
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Figure 4.4: SEM image of the top surface of a dry-powder coated electrode to show
the evenness of the electrode.
Cross-sectional SEM images of the dry-powder-coated electrodes after
calendering are shown at two magnifications in Figures 4.5a and b. For comparison,
the SEM cross-section image of an electrode made by the traditional wet-slurry method
is shown in Figure 4.5c. The structures of the electrodes made by the two processes are
similar. EDS was used to map the elements carbon, oxygen, and fluorine (Figures 4.5df). Based on the oxygen and fluorine maps, respectively, the EDS maps show that NMC
and PVDF are dispersed throughout the sample. Although the carbon map shows the
presence of carbon throughout the image, because carbon is present in both carbon
black and PVDF, it is not possible to differentiate between these species.
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Figure 4.5: SEM images of the cross-section of the dry-powder-coated electrode after
calendering (a) and magnified cross-sectional view (b). A cross-sectional view of the
wet-slurry-coated electrode (c). EDS maps of the elements carbon (d), oxygen (e),
fluorine (f) from image (b).

The calendering process compacts the electrodes, improves the cohesion
between the particles and the adhesion of the composite materials with the Al foil, and
controls the porosity and the packing density of the electrodes [97, 122]. The electrodes
are well compacted after calendering with a porosity of 31% and packing density of 2.5
g cm-3. For comparison, two conventional slurry-based electrodes with mass loading
higher and lower than the dry-powder coated electrode were studied. (See Table 4.1)
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Table 4.1 The thickness, mass loading, porosity, density, and discharge capacity of
electrodes made by the dry and wet processes.
Process

Dry-powder
coating
electrode
Wet-slurrybased electrode
(higher loading)
Wet-slurrybased electrode
(lower loading)

Thickness
(µm)

Mass loading
(mg cm-2)

Porosity
(%)

Packing
density
(g cm-3)

Discharge
capacity
(mAh g-1)

40.5

10.07

31

2.5

155

52

14.27

35

2.7

156

32.6

7.65

41

2.4

157

The electrochemical behavior of dry-powder-coated electrodes was analyzed in
lithium half cells using 1M LiPF 6 in EC/EMC (3:7 by volume) containing 2 wt% VC
as the electrolyte. VC was added to improve the rate performance [22]. Cell potential
vs. state-of-charge plot for the first cycle of the dry-powder-coated electrode is shown
in Figure 4.6a. For comparison, the first cycle electrochemical behavior of a wet-slurry
made electrode is shown in Figure 4.6b. Evidently, the voltage profiles for chargedischarge cycles for the dry powder-coated electrodes are similar to that of the
conventional slurry-coated electrodes.
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Figure 4.6: Cell potential vs. Capacity for the first charge and discharge cycles of the
dry-powder-coated electrode (a) and wet-slurry-coated electrode (b).
Figure 4.7a shows the potential profile for cycles 1, 10 and 20 between 3.0 V
and 4.3 V at 0.2C with a constant voltage holding with the current limitation of 0.05C
at the end of the charge step. For dry-powder coated electrodes, the initial discharge
capacities fade slowly during cycling and are 155 mAh g-1 and 153 mAh g-1 for cycles
1 and 20, respectively, while for wet-slurry-coated electrodes there is little capacity
fade for the first 20 cycles.
To investigate the effect of different charge/discharge rates on the cycling
performance of the dry sprayed and slurry electrodes, the NMC cells were charged and
discharged between 3.0 V and 4.3 V at various cycling rates, in the order of 0.2C, 0.5C,
1C, 2C, 5C, 10C and 1C. For dry powder coated electrodes, the specific capacities were
156, 148, 139, 130, 96, 20, and 139 mAh g-1, respectively, as shown in Figure 4.7b.
When returned to 1C, the capacity recovered to the previous level. At high rates, the
electrodes will polarize and the plateaus of the NMC become shorter when the charge
and discharge current densities increase, causing a decrease in capacity [112]. For the
wet-slurry-coated higher mass loading electrode the discharge capacities for the
respective C-rates were 153, 149, 145, 140, 129, 46, and 145 mAh g-1, while for the
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wet-slurry-coated lower mass loading the electrode discharge capacities were 151, 145,
140, 133, 120, 90, and 139 mAh g-1. The small difference in the discharge capacities
between the dry-powder and wet-slurry coated electrodes for high charge/discharge
rates may come from the differences in porosity and packing density of the electrodes.
Figure 4.7c shows the long term cycling performance of the dry sprayed (0.2C)
and the conventional slurry-made electrode (0.5C) between 3.0 V and 4.3 V followed
by constant voltage with current limitation of 0.05C after charge step. For the drypowder-coated electrode, the first discharge capacity was 155 mAh g-1, and the
discharge capacity was 123 mAh g-1 after 300 cycles with a capacity retention of 80%.
While for the wet-slurry-coated electrode, the first discharge capacities were 156 mAh
g-1 and 157 mAh g-1 with capacity retention of 60% and 65% and discharge capacity of
97 mAh g-1 and 104 mAh g-1 after 300 cycles for higher and lower mass loading,
respectively. The cycling performance of the dry sprayed NMC electrode is better than
that of the traditional slurry-coated electrode by exhibiting stable performance and
better capacity retention. These results suggest that (1) the internal resistances are
comparable and (2) the NMC is fully utilized in both electrodes.
The post-cycling SEM images, Figures 4.8a-d, were obtained for the electrodes
prepared using both methods after 300 cycles. The SEM images show that cracks
appeared after cycling in both electrodes. At the end of discharge cycles, the drypowder electrode images in Figure 4.8a and b showed that cracks appeared at the NMC
grain boundaries, while in the wet-slurry electrode (Figure 4.8c and d), the crack
appeared around the NMC particles and in the CB and PVDF mixture. The size of the
cracks in the dry-powder electrode appeared larger than that in the wet-slurry electrode,
though the difference in cracking does not seem to be responsible for the slight
difference in performance and durability of electrodes made by the two processes.
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As reported by Ludwig et al. [115], they used electrostatic spray deposition
(ESD), followed by hot-rolling treatment and a mass wt. ration of 90:5:5, the discharge
capacity was 121 mAhg-1 in lithium half cells and the capacity retention was 87% at
0.5C after 50 cycles. In this work, we demonstrated that by heating the electrode film
after spray and before calendering it at ambient temperature, the electrode showed an
improvement in performance and cycle life. The difference in the performance may
also be contributed to the mass ratio different (NMC:CB:PVDF=80:10:10 in this work
vs. 90:5:5 in Ludwing et at. [115]. The PVDF will hold the NMC and CB particles and
improve the cohesion among the electrode components and the adhesion between the
electrode and the Al foil.
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Figure 4.7: (a) Potential vs. capacity profiles of the dry-powder-coated cathode in
lithium half cells, for cycle 1, 10 and 20. Cells were cycled in the voltage window from
3.0 V to 4.3 V at 0.5C followed by constant voltage holding with current limitation of
0.05C at the end of each charge. (b) Discharge capacities at various current densities
for two types of NMC cathodes. (c) Discharge capacity (left) and capacity retention
(right) curves for a wet-slurry coated NMC cathode (0.5C) and a dry-powder coated
NMC cathode (0.2C) in lithium half cells cycled between 3.0 V and 4.3 V.
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Figure 4.8: SEM images of the top surfaces of electrodes after 300 cycling at 0.2C over
a voltage range from 3.0 V to 4.3 V: (a) the dry-powder electrode, (b) magnified drypowder electrode view, (c) the low mass loading wet-slurry electrode, and (d)
magnified wet-slurry electrode view.
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4.5 Conclusion
We demonstrated that a solvent-free dry powder coating process, in particular
electrostatic spraying, can be used to fabricate NMC-containing cathodes for LIBs. The
morphology of the powders and electrodes shows very well distributed particles in the
coated layer, and that the binder is well dispersed in dry powder before and after
spraying. Constant current charge-discharge test results show that the dry sprayed
NMC electrodes with PVDF as binders and CB as a conductive agent exhibit high
discharge specific capacity with very good capacity retention, comparable to electrodes
made by the conventional, wet-slurry-coating process.
This work is significant because (1) electrodes made by the dry powder coating
process can have reversible capacity and cycle life comparable to the electrodes made
by the wet slurry method, (2) dry powder coating may lower the cost by reducing the
mixing and slurry preparation steps and the reducing drying time, and (3) dry-powder
coating eliminates the pollution caused by NMP solvent. Since dry powder coating
processes have significantly benefited the paint industry which faced similar issues with
the cost and environmental impact associated with solvents, we believe that solventfree dry coating processes, such as electrostatic spraying, could replace the traditional
wet slurry method of making battery electrodes.

85

Chapter 5 Conclusions and Future Works
5.1 Conclusions
In this dissertation, we have investigated various approaches to understand and
improve the manufacturing processes of the Li-ion battery electrodes. The main
conclusions are:
Different mixing sequences to improve the performance and durability of Liion batteries were studied. The mixing sequences 1, 2, 3, and 4 were optimized. The
rheological behavior of the slurries, morphology, conductivity, and mechanical and
electrochemical properties of electrodes were investigated. Reproducible results as
evaluated by slurry viscosity, electrode morphology, and coin cell performance were
achieved. Slurries from sequences 1 and 4 have different rheological properties from 2
and 3. The former is “gel-like” and the latter is ”fluid-like”, according to the relative
magnitude of their loss and storage moduli as determined in oscillatory rheology
characterization. The amount of NMP required to achieve a comparable final slurry
viscosity (evaluated at the shear rate corresponding to coating) differed significantly
for the sequences under study and was found to be strongly related to the “gel” or
“liquid” characterization. Sequences 2 and 3 (the two “liquid” slurries) required a
notably lower amount of solvent than the “gel” like counterparts in order to yield
slurries and electrodes of desired attributes. The results suggest better long term cycling
behavior from sequences 1 than sequences 1, 2, and 3. The key factor determining fluid
or gel-like behavior appears to be whether the NMC and CB are mixed in the presence
of or prior to the introduction of the binder solution. The conductivity measurements
show that electrodes from Sequence 1 have higher conductivity than the other
sequences. The mechanical properties measured using microindantation indicate that
the electrodes from sequences 2 and 3 have the highest hardness and elastic modulus,
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while electrodes from sequence 1 and 4 have the lowest. These results are consistent
with scratch test results, which were used to understand the cohesion between the
particles. Interestingly, higher hardness and elastic modulus values do not translate to
longer cycle life.
In chapter 3, we develop a new method of making Li-ion battery electrodes with
lower-cost, higher-throughput, and more environmentally friendly manufacturing
process compared with the conventional wet slurry-based electrode manufacturing
method by adapting an immersion precipitation (IP) technology. The exchange of NMP
in the slurry with the DI-water can solidify the electrode fast without generating toxic
and volatile NMP vapor that occurs during the drying step in conventional electrode
manufacturing. The electrodes that prepared by the two methods have similar
electrochemical performance and cycling life.
Our results in chapter 4 show that dry powder-coating process can indeed make
Li-ion battery electrodes. The long-term cycling performance and durability of drypowder coated electrodes are similar to those made by the conventional wet slurrybased method. This work is significant because (1) electrodes made by the dry powder
coating process can have reversible capacity and cycle life comparable to the electrodes
made by the wet slurry method, (2) dry powder coating may lower the cost by reducing
the mixing and slurry preparation steps and the reducing drying time, and (3) drypowder coating eliminates the pollution caused by NMP solvent. Since dry powder
coating processes have significantly benefited the paint industry which faced the similar
issues with the cost and environmental impact associated with solvents, we believe that
solvent-free dry coating processes, such as electrostatic spraying, could replace the
traditional wet slurry method of making battery electrodes.
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5.2 Future work
This thesis will hopefully pave the way for future researchers to use our methods
to prepare Li-ion battery electrodes, leading to commercialization.
In chapter two, we demonstrated that the influence of four mixing sequences on
the electrochemical performance, durability, and cost of positive electrodes. Each
mixing sequence was shown to have an effect on the rheology behavior of the slurry,
which in turn affects the distribution of the electrode materials, conductivity, and the
mechanical and electrochemical properties of the electrodes. This study focuses on
quantifying the effects of the mixing process on finished battery quality through
application of mixing theory, rheology, and morphology. The results establish an
important baseline characterization tool set to allow up front slurry optimization, thus
accelerating the development process. Further studies of mixing sequences will provide
a relationship between mixing sequences, electrode structure, and electrochemical
performance of electrodes.
Adapting membrane manufacturing technology to make Lithium-Ion battery
electrodes using Immersion precipitation (IP) method is another promising
manufacturing approach. Translating a mature technology from the membrane industry
to electrode fabrication will enable a robust process for achieving gradients in
composition, porosity, and structure which is one of the challenges that limit the
performance and cycle life of LIBs. The IP method is expected to provide better control
of the structure of the electrode, make thick electrodes, reduce the drying time, lower
the manufacturing cost, and prevent volatile organic compound.
In chapter four, we developed a low-cost and environmentally friendly
manufacturing method to fabricate lithium ion batteries (LIBs) with high performance
and durability. The electrostatic spraying process for dry manufacturing of NMC-
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cathodes gave us confidence to further explore the process for making LIBs consisting
of a wide range of advanced materials. The future plan will focus on using this process
to fabricate the negative electrodes and to make full cells. This method can be used to
produce electrode structures that are impossible to make by the conventional wet slurry
method, such as graded composition and porosity, multilayer structures, and freestanding electrodes. By exploring experimental parameters for electrostatic spraying to
reduce the time and energy consumption of making LIB electrodes, these experiments
will provide the basis for a detailed cost comparison between the dry and wet electrode
manufacturing methods, an important step towards scale-up the process for production.
The three approaches to electrode manufacturing will hopefully be implemented
by battery manufacturers because of the merits of the approaches in terms of
performance, durability, environmental impact, and cost.
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